The generation of neuronal diversity is essential for circuit formation and behavior. Morphological 19 differences in sequentially born neurons could be due to intrinsic molecular identity specified by 20 temporal transcription factors (henceforth called intrinsic temporal identity) or due to changing 21 extrinsic cues. Here we use the Drosophila NB7-1 lineage to address this question. NB7-1 22 sequentially generates the U1-U5 motor neurons; each has a distinct intrinsic temporal identity due 23 to inheritance of a different temporal transcription factor at time of birth. Here we show that the U1-24 U5 neurons project axons sequentially, followed by sequential dendrite extension. We misexpress 25 the earliest temporal transcription factor, Hunchback, to create "ectopic" U1 neurons with an early 26 intrinsic temporal identity but later birth-order. These ectopic U1 neurons have axon muscle 27 targeting and dendrite neuropil targeting consistent with U1 intrinsic temporal identity, rather than 28 their time of birth or differentiation. We conclude that intrinsic temporal identity plays a major role in 29 establishing both motor axon muscle targeting and dendritic arbor targeting, which are required for 30 proper motor circuit development. 31 32 33 Introduction 34 35 Axon and dendrite targeting is an essential step in neural circuit formation, and may even be 36 sufficient for proper connectivity in some cases, as postulated in Peters' Rule (Peters and 37 Feldman, 1976; Rees et al., 2017; Stepanyants and Chklovskii, 2005). In both Drosophila and 38 mammals, individual progenitors generate a series of neurons that differ in axon and dendrite 39 targeting (Doe, 2017; Kohwi and Doe, 2013; Li et al., 2013a; Pearson and Doe, 2004; Rossi et al., 40 2016). In all examples, neurons born at different times have intrinsic molecular differences due to 41 temporal transcription factors (TTFs) present at their time of birth (reviewed in Kohwi and Doe, 42 2013), which could specify neuronal morphology. Conversely, there are likely changing extrinsic 43 cues present at the time of neuronal differentiation that could also influence neuronal morphology, 44 such as modulation of global pathfinding cues or addition of axon and dendrite processes 45 throughout neurogenesis. Teasing out the relative contributions of intrinsic or extrinsic factors 46 requires heterochronic experiments where either intrinsic or extrinsic cues are altered to create a 47 mismatch, and the effects on axon and dendrite targeting are assessed. 48 Several experiments highlight the importance of extrinsic cues present at the time of 49 neuronal differentiation in establishing axon or dendrite targeting. For example, transplantation 50 of rat fetal occipital cortical tissue into the rostral cortex of a more developmentally mature 51 newborn host results in axonal projections characteristic of the host site (O'Leary and 52 Stanfield, 1989; Schlaggar and O'Leary, 1991; Stanfield and O'Leary, 1985). Similarly, 53 transplantation of embryonic day 15 fetal occipital tissue into newborn occipital cortex reveals 54 that the transplanted tissue receives thalamic projections typical of the host site and 55 developmental stage (Chang et al., 1986). More recent work in zebrafish shows that vagus 56 motor neurons extend axons sequentially to form a topographic map, and that the time of axon 57 outgrowth directs axon target selection (Barsh et al. 2017). In all of these experiments, there 58 are unlikely to be changes in intrinsic temporal identity of the donor neurons, suggesting that 59 the heterochronic neurons are establishing neuronal morphology in response to different 60 environmental cues present at their time of differentiation. 61 In contrast, heterochronic experiments where donor neurons maintain donor identity are 62 more consistent with intrinsic temporal identity specifying neuronal axon and dendrite 63 targeting. For example, heterochronic experiments in ferrets show that late cortical progenitors 64 transplanted into younger hosts generate neurons with late-born deep layer position and 65 subcortical axonal projections (McConnell, 1988). Transplantation of older post-natal 66 4 cerebellum into embryonic host mice results in the neurons maintaining donor "late-born" 67 identity based on molecular markers and neuronal morphology (Jankovski et al., 1996). 68 Similarly, experiments done in grasshopper embryos show that delaying the birth of the first-69 born aCC motor neuron in the NB1-1 lineage leads to defects in the initial axon trajectory 70 (extending anterior instead of posterior) but the temporally delayed aCC invariably finds and 71 exits through the proper nerve root in the adjacent anterior segment (Doe et al., 1986). In all of 72 these heterochronic experiments, it is likely that intrinsic temporal identity is unaltered and 73 helps maintain donor neuron identity despite their altered time of differentiation. However, none 74 of these experiments show that intrinsic temporal identity is unchanged in the transplanted 75 neurons, and none of these experiments manipulates intrinsic temporal identity to directly 76 assess its role in establishing proper axon or dendrite targeting.
sequentially, then both models remain possible. 126 To determine the time of U1-U5 axon outgrowth, we used MultiColorFlpOut (MCFO) (Nern 6 line (Kohwi and Doe, 2013; see methods for quantification). This new NB7-1-Gal4 KZ Fig. 1A ). As expected, MCFO labeling of the entire wild-type NB7-1 lineage 136 shows neurons spread from medial to lateral within the CNS, with ipsilateral motor projections and 137 contralateral dendrite projections ( Fig. 2A) ; we call these dendrites because they have a large 138 number of post-synaptic densities but no pre-synaptic sites when analyzed by electron 139 microscopy (Supplemental Fig. 2 ). We analyzed embryos where MCFO differentially labeled early-140 born and late-born neurons in the NB7-1 lineage at embryonic stages 12-15 (staging according to 141 Hartenstein, 1993). In all cases, the medial early-born neurons invariably extended axons further 142 than the lateral later-born neurons ( Fig. 2A-B ; n = 10, p<0.0001, two-tailed unpaired t-test). This 143 observation remained consistent at all tested embryonic stages and independent of the position at 144 which the lineage was subdivided along the medial-lateral axis. In all cases, the U neurons showed 145 staggered axon projections that are remain staggered at every stage; they never stall and become 146 synchronized. Furthermore, in every case where MCFO differentially labeled just a pair of neurons, 147 we always found the medial (early-born) neuron had a longer axon projection than the lateral (later-148 born) neuron ( Fig. 2E -F, n=8, p<0.0001, two-tailed paired t-test). We conclude that during wild 149 type embryonic development, the U1-U5 motor neurons project axons sequentially out the nerve 150 root.
151
We next wanted to determine whether misexpression of Hb throughout the NB7-1 lineage, 152 known to produce many ectopic U1 motor neurons (Isshiki et al., 2001; Kohwi and Doe, 2013; 153 Pearson and Doe, 2003), would alter the timing of motor axon outgrowth. We misexpressed Hb in 154 the NB7-1 lineage, and used MCFO to differentially label early-born and late-born neurons. MCFO 155 marking the entire NB7-1 lineage did not change the gross distribution of neurons ( Fig. 2C ).
156
Importantly, in every case where MCFO differentially labeled early-born and late-born neurons, we 7 We next examined the time course of dendrite extension. In wild-type, we observed that 165 earlier-born cells elaborated their dendritic processes before their later-born counterparts ( Fig. 2I -166 J; n = 7, p<0.001, two-tailed unpaired t-test); the same was observed in Hb misexpression animals 167 ( Fig. 2K -L; n = 7, p<0.001, two-tailed unpaired t-test). We conclude that sequentially born motor 168 neurons project axons and dendrites sequentially, in both wild type and following Hb 169 misexpression. This raises the question: is intrinsic temporal identity or time of differentiation more 170 important for U1-U5 axon or dendrite target selection? To determine if neuronal morphology was correlated with intrinsic temporal identity or time of 175 differentiation, we first needed to define the morphology of the U1-U5 motor neurons. Previous 176 work has mapped generic U neuron axonal projections (Landgraf et al., 1997), but did not identify 177 muscle targets for specific U1-U5 motor neurons. To precisely define U1-U5 motor neuron identity, U3-U5 neurons. We conclude that neuronal morphology is more tightly linked to intrinsic temporal 216 identity than to neuronal birth-order.
218
Late-born neurons with early intrinsic temporal identity target their dendrites to the U1 219 dendritic domain 220 The experiments described above show that late-differentiating neurons with early intrinsic 221 temporal identity have gross morphological features matching their intrinsic temporal identity, 222 rather than their time of differentiation. In this section and the next, we investigate whether these 223 ectopic U1 neurons target their axons to the normal U1 muscle target (the dorsal DO1 and DO2 224 muscles) and target their dendrites to the normal U1 neuropil target (a contralateral, dorsal volume 225 of neuropil). In this section we assay dendritic projections; in the following section we assay axonal 226 projections.
227
In wild-type, the endogenous U1 neurons have ipsilateral and contralateral dendrites that 228 are co-localized in the same region of dorsal neuropil, as seen by EM reconstruction (Fig. 4A ) or 229 dual color MCFO labeling (Fig. 4B ). To map dendrite targeting of "heterochronic" ectopic U1 motor 9 neurons, we misexpressed Hb in the NB7-1 lineage and then screened for MCFO labeling in which 231 one hemisegment had the endogenous U1 motor neuron labeled (identified by its medial position 232 and "U" shaped neuronal morphology), and the opposite hemisegment had an ectopic U1 neuron 233 labeled (identified by its lateral cell body position and dorsal contralateral dendrite process). In 234 every case, we found the "heterochronic" ectopic U1 neuron dendrite precisely targeted to the 235 normal dorsal neuropil target of the U1 neuron, with both ectopic and endogenous U1 dendritic To examine individual motor neurons, we used MCFO following Hb misexpression throughout 260 the NB7-1 lineage. We can observe endogenous early-born U1 motor neurons, identified by their 261 medial position and bipolar morphology ( Fig. 5C-C') , that project to DO1/DO2 dorsal muscles ( Fig.   262 5C''; quantified in Fig. 5C''' ). We also observe "ectopic U1" motor neurons identified by their 10 displacement from the midline, their monopolar morphology, and their dorsal originating 264 contralateral dendrite projection ( Fig. 5D-D' ); these neurons project to the same DO1/DO2 dorsal 265 muscles as the endogenous U1 motor neuron ( Fig. 5D'' ; quantified in Fig. 5D''') . These 266 heterochronic "ectopic U1" motor neurons are clearly different than the normal late-born U3-U5 267 motor neurons, identified by their lateral position and lack of contralateral dendrites ( Fig. 5E-E') , 268 that project to the region of the more ventral muscle LL1 ( Fig. 5E'' ; quantified in Fig. E''') . We 269 conclude that intrinsic temporal identity, not time of axon outgrowth, generates precise axon 270 targeting to the appropriate body wall muscles.
271
To examine the ability of these "ectopic U1" motor neurons to create functional synaptic inputs 6A-D; quantified in Fig. 6I-K) . In contrast, the "ectopic U1" motor neurons have a significant shift 277 towards more dorsal muscle targets ( Fig. 6E-H ). There is a significant loss of pre-synaptic Brp+ 278 puncta in the LL1 region ( Fig. 6F , quantified in Fig. 6I ), while simultaneously increasing their 279 amount of synaptic input onto the dorsal muscle DO2 (Fig. 6G ,H, quantified in Fig. 6J ). We saw an 280 insignificant difference in synaptic input onto DO1 between wild type and Hb misexpression ( intrinsic temporal identity. This suggests that the initial timing of axon extension is regulated by 327 an internal clock mechanism in each cell, likely beginning upon its terminal cell division. In C. 328 elegans, the HSN motor neurons require expression of lin-18 mRNA to initiate axon extension 329 (Olsson-Carter and Slack, 2010); whether a similar mechanism is used by U1-U5 motor 330 neurons is unknown. We also show that dendrite elaboration occurs much later than axon 331 extension in the U motor neurons. The observation that axon outgrowth precedes dendrite 332 outgrowth has been widely reported (Gerhard et al., 2017; Mason, 1983; Mumm et al., 2006; 333 Ramon y Cajal, 1909), although the mechanism setting the time of axon or dendrite outgrowth 334 is poorly understood.
335
Hb misexpression robustly transformed later-born U motor neurons into ectopic U1 336 neurons, yet there were two limitations. First, ectopic U1 neurons do not have a bipolar cell 337 body; they branched off dendrites from the dorsal axon, rather than from the cell body. targets, e.g. later-born neurons may project along "pioneer neuron" processes formed earlier in 363 neurogenesis, it is more likely that both early-born endogenous U1 neurons and later-born 364 ectopic U1 neurons use the same guidance cues for axon and dendrite targeting. 365 In the future, it will be important to understand the mechanism by which the Hb 366 transcription factor confers U1 neuron axon and dendrite targeting. As mentioned above, it is likely 367 that the endogenous and ectopic U1 motor dendrites target the proper neuropil domain by 
